In this paper, the behavior of natural sandstone under hypervelocity impact is investigated numerically. Sandstone essentially consists of cemented quartz grains, it can be generally considered as a polygranular structure with air or water-filled pores. In order to study the influence of pores and water filling on the behavior of sandstone under shock loading, a numerical investigation at the mesoscale is performed. We explicitly resolve pores and the closure of pores in a homogeneous and isotropic quartz matrix. The quartz matrix is described with an equation of state and a strength model; the pore geometry is simplified. Two-dimensional planar shock simulations are conducted in order to analyze effects of quartz strength and water-saturation on pore crushing. Averaging is used to perform a macroscale analysis of the dependencies of pressure and shock velocity on particle velocity. The simulation results shall enhance the basis for the development of accurate macroscale sandstone models that take the water content into account.
Introduction
Surfaces of the planets of solar system are strongly influenced by collisions with solid bodies. The heavily cratered lunar landscape testifies to this impact phenomenon, as well as the multiple modifications of the composition of the earth crust and of the atmosphere in the course of time. Meteorite impacts are in principle also a threat for the civilization. Developing an understanding of the complex processes occurring in meteorite impacts has been long addressed by different scientific disciplines [1] [2] , such as planetology, geology, geophysics and mineralogy. The currently existing craters are the best witnesses of these events, yet they are in most cases altered through geological modifications such as erosion, sedimentation, and tectonic deformations.
The authors participate in the research group MEMIN (Multidisciplinary Experimental and Modeling Impact Research Network). For a better understanding of the multiple processes occurring in meteorite impacts, the group applies different methods, in particularly the study of natural craters, laboratory experiments and numerical simulations. In experiments conducted at EMI using the XL Light Gas Gun, steel or iron spheres with diameters from 1 cm up to 5 cm were shot into sandstone blocks with an edge length of 50 cm up to 80 cm [3] . Depending on the experimental setup with specific features such as block size, porosity, water-saturation or stratification orientation relative to the impact direction, several phenomena resulting from impact can be observed and analyzed, such as the speed and angle of the ejection cone [4] (through highspeed cameras), or shock and acoustic waves that propagate inside the sample [5] (measured by imbedded sensors). In order to gain information about natural impacts from laboratory experiments, scaling laws have been developed, see [6] .
In this paper, the behavior of sandstone is numerically investigated. Sandstone predominantly consists of cemented quartz grains, and can thus be considered as a polygranular structure with air or water-filled pores. From a modeling point of view, we describe sandstone at the so-called mesoscale. As an intermediate scale, the mesoscale does not require a molecular or atomistic description, which is typically used in microscale models, but generally relies on the explicit representation of features like pores, geometry and orientation of grains or particles, particle interfaces etc. These features influence the macroscopically observed properties of a material, as shown, for example, for the case of ceramics in [7] [8] . In view of mechanical modeling, each constituent represented at the mesoscale requires a separate material model (e.g. equation of state and strength model) that can be gained from either literature [9] [10] or experimental results. Characterization tests, such as Hopkinson tests (1D stress state) or planar plate impact tests (1D strain state) for the highly dynamic regime may provide, to some extent, mesoscopic parameters from observed macroscopic values through averaging relations between both scales. Other experiments, such as the laboratory-scaled impact tests described above, can only be used as a validation of the mesoscopic model as several complex impact-induced mechanical and thermo-dynamical processes interact; these interactions make it impossible to investigate separate individual material properties.
In the approach presented here, a simplified meso-structure of sandstone under compressive (shock) loading will be considered. Sandstone will be regarded as a compact quartz matrix with regularly distributed closed pores. Interfaces between quartz particles are not resolved, but the closure of pores is explicitly modeled. The simplifications reduce the computational effort required in the numerical simulation. We use the discretization method SPH (Smoothed Particle Hydrodynamics) implemented in the research code SOPHIA [11] . A Finite Volume formulation, implemented in the research code iSALE has been used in parallel work, the corresponding mesoscale modeling and results can be found in [12] . The dynamic loading we consider is a 2D planar impact test, where a quartzite impacts a rod of porous sandstone. The input parameters that are being varied are pore distribution, strength of the quartz matrix, water saturation and impact velocity. The simulation results for different configurations are analyzed both qualitatively, e.g. by investigating the type of pore failure, and quantitatively, e.g. by investigating average pressures and resulting Hugoniot curves.
The simulation results shall enhance the basis for the development of accurate macroscale sandstone models that take the water content into account. Current macroscale models include mesoscale effects such as pore closure [13] [14] , but do not represent effects at the particle/pore boundary. Some existing macroscopic models address water-saturated closed pores [15] [16], yet they might be improved, e.g. by taking partially water-filled pores into account. The simplified mesoscale modeling presented here is intended as one step towards a particle scale modeling that will be based on realistic sandstone meso-structures.
Mechanical modeling of Quartz

Equation of State of Quartz
Quartz, whose chemical formula is SiO 2 , consists of silicon and oxygen arranged in a crystalline structure. The most common quartz crystal one can -trigonal form. Depending on the pressure regime exerted on quartz, its crystalline structure will be altered in different ways. Low pressure regimes generally give rise to the so-called Planar Deformation Features (PDFs), characterized by multiple sets of parallel thin lamellae. High pressure regimes produce amorphized phases of quartz such as diaplectic quartz glass and polymorph phases of coesite and stishovite [17] [18] . The following phase diagram gives an overview of the different phases quartz can exhibit and contains a representation of the metamorphism in shock compression. acterized by several phase changes (taken from [17] and extended).
We do not intend to fully describe microstructural transformations of quartz in detail, but rather their influence on macroscopic thermodynamic variables, such as pressure and temperature, as summarized in Fig. 1 . A well-established Equation of State for this purpose is the Analytical Equation of State (ANEOS) [9] [10], developed at Sandia National Laboratories. It is based on the definition of the Helmholtz free energy F as a function of the density and the temperature T, whose description is based on atomic energies and interactions. Thus, phase transitions can be represented well. From the partial derivatives of the free energy F, the pressure P and the entropy S can be derived:
An ANEOS model is available for quartzite, which is a compact arrangement of quartz grains. As only compressive loading states are investigated, the boundaries between quartz grains do not affect the overall behavior of quartzite. Thus, the behavior of quartzite can be assumed to represent that of quartz in the modeling. Only one phase transition can be modeled in the existing ANEOS model, the transition from quartz to diaplectic glass, where the pressure and temperature ranges are 20 to 30 GPa and 600 to 800 K, respectively. The phase transition is evident in the characteristic plateau in plots of isotherms and isobars, as sketched in Fig. 2 . 
Strength model of Quartz
Strength denotes the ability of a material to withstand shear deformations. A well-known descriptor for isotropic elastic materials is the shear modulus G that relates deviatoric stresses and deviatoric strains. A non-viscous fluid will have a pure hydrodynamical behavior and will not exhibit any shear stresses, while most solid bodies possess a shear strength.
As sandstone is a porous conglomerate of quartz crystals, its behavior is directly influenced by the shear strength of quartz. For a better understanding of this influence, one can refer to the case of compressive shock loading. As the shock wave propagates in sandstone, the pores are crushed. An increase in the strength of quartz induces shear stresses and thus resistance of the pores against crushing [19] .
Concerning the quartz strength, we use two alternative assumptions to make up idealized model systems: a) Firstly, as a reference case, shear strength is neglected. b) Secondly, the quartz crystal is assigned a yield strength of 1 GPa based on a von Mises criterion and perfect plastic flow.
At hyper-velocity conditions, shear stresses are often much smaller than pressures. The material then tends to behave hydrodynamically and both strength models might converge. In general, quartz is an anisotropic material, and elastic stiffness coefficients vary with pressure, see e.g. [20] . As we focus on the effects of pores and pore crushing, we use a simplification in considering quartz with a constant = 0.3, and calculate a varying shear modulus using Poisson ratio and the current (tangential) bulk modulus obtained from the ANEOS.
Idealized mesoscale modeling of sandstone
Hydrocode SOPHIA and SPH method
We use the SPH (Smoothed Particle Hydrodynamics) method implemented in the hydrocode SOPHIA. This meshfree discretization method is particularly suitable for simulating hyper-velocity impacts where high deformations occur. In a given distribution of so-called particles, the value of a variable u attached to a particle I is approximated by integrating weighted variable values of neighboring particles J over a compact support :
x I is the position vector of particle I, W is the weighting function centered on x I and depends only on the distance between particle I and an arbitrary particle J, and on the length 2h of the support domain [21] . A graphical representation of the weighting function (also called kernel) is given in Fig. 3 .
The main advantage of the SPH method over a classical Finite-Element Lagrangian formulation is the absence of mesh distortion. SPH particles are Lagrangian particles and thus represent material points. However, tensile loadings are known to cause instabilities in SPH. Some stabilization methods are described in [22] . In the scope of this paper, only compressive states are studied, stabilization is thus not crucial. Fig. 3 . Weighting function centered on particle I and encompassing all neighboring particles inside a circular area of radius 2h.
Planar impact simulations: setup and input parameters
In order to gain insight into the principle factors determining the behavior of porous sandstone under hypervelocity impact, we use the simple geometry of a planar impact test in two dimensions with planar (plane strain) symmetry. This setup is similar to a planar plate impact test, a typical experiment generally performed in order to obtain Hugoniot data [23] . Our setup consists of a compact quartz rod impacting a second rod that contains porous sandstone between two compact quartzite blocks, see Fig. 4 . A zero displacement condition is imposed on the lateral borders to reproduce the characteristic macroscopic one-dimensional longitudinal strain state of the planar impact test, while allowing an inhomogeneous mesostructure. The compact quartzite block in front of sandstone is intended to ensure the arrival of a smooth wave signal in the sandstone sample by avoiding non-plane wave perturbations in the impact area, the block behind the sandstone facilitates the wave analysis by preventing the shock wave from reflecting and interfering with the incident wave. As impactor and target both consist of the same material near the impact point, two symmetrical shock waves are initiated and propagate in opposite directions.
The pore morphology in sandstone is also simplified: a regular distribution of equally-spaced square vacuum or waterfilled pores is placed in the sandstone matrix. Due to this regular pore geometry and the symmetry conditions for the macroscopic one-dimensional strain state, one can restrict the rod modeling to a band with lateral zero displacement boundary conditions and one pore over width.
It has been shown in [8] for the case of shock compaction of ceramic particles that shock velocities obtained with ordered geometric particle distributions deviate from those obtained with disordered distributions. The size of the deviation increases with the degree of disorder and, above a certain limit, decreases with increasing particle velocity. In the case presented in [8] , the calculated Hugoniot curves for different degrees of order seem to converge at particle velocities over 500 to 600 m/s, which is the upper limit of their investigation. Here, we are interested in considerably higher velocities. As using disordered pore distributions would require the simulation of much larger rods in order to resolve a sufficient amount of pores and to reduce border effects, we use idealized ordered pore distributions. Still, order as well as the idealizations of pore shape and pore size might influence the results, the quantification of these effects, however, is outside the scope of this paper.
The parameters that have been varied in our numerical study are summarized in Table 1 . The length of the porous sandstone is 2.5 mm, the width is 0.24 mm and the pore size is 0.12 mm in the case of a porosity of 25 %. 
Simulation results and analysis
In the following figures, Fig. 5 and Fig. 6 , simulated pressure contours for varying porosity, quartz strength and impact velocity are shown.
From simulation results presented in Fig. 5 , the following conclusions can be drawn. For an impact velocity of 1000 m/s, dry sandstone targets exhibit a complete pore crushing whereas water-filled pores are hardly compressed in the watersaturated case. This can be explained by the high impedance of water and its low compressibility. In the dry sandstone, the empty pores represent a barrier against the shock wave propagation and consume some part of the shock energy by pore compaction.
The way pores are crushed strongly depends on the strength of quartz and on impact velocity. Strength slows pore compaction down as quartz deformation is hampered; the regular progressive por resistance. On the contrary, in quartz without strength, material jets into the pore towards the opposite pore wall. These differences in crushing behavior are also observed in experiments described in [24] . The influence of impact velocity is illustrated for the case of dry sandstone, assuming strength of the quartz grains, see Fig. 6 . The tendency observed in Fig. 6 confirms the basic finding of [24] . According to that reference, pore shrinking occurs in weakly shocked rocks and jetting is a consequence of moderate and high shocks.
The effect of using different pore sizes was also investigated. While the overall porosity was kept constant, the pore size was reduced such that two or four pores per sample width were obtained. No differences in the resulting shock wave front were noticed, even though quartz strength was included, as confirmed in [25] . This is probably the case as the length of the pulse is large compared to the size of the pores. This finding might be restricted to the simplified ordered microstructures that have been considered here. In real sandstone, the way the grains are arranged and their geometry might play a big role for wave propagation, especially in complex loading conditions that occur in the middle and far field of a meteorite impact. Another well-known geometry-dependent mechanical process, which is however outside the scope of this paper, is fracturing. 
Averaged properties
In order to obtain macroscopic or bulk properties of sandstone from mesoscopic simulations, we use volumetric averaging of mesoscale variables. For a spatial variable F, its F F averaged value over a volume ( in 2D: area) V is given by:
Here k and N denote the current index and the total number of evaluation points of a discretization, respectively. We use the discretization by defining a discrete number of measurement points in the target. The volume V in which the measurement points must be summed is illustrated in Fig. 7 . It shows the propagation of the shock wave in the target at three different times. The blue area corresponds to quartz shocked by impact, the orange area is delimited by the two shock wave fronts that are initiated at the interface quartz/sandstone because of wave reflection and transmission. This latter interface moves down over time, and the growing shocked sandstone volume (indicated by the dashed region) is the reference volume V on which averaging was carried out. In order to better understand the local effects of pores, pressure can be analyzed as a function of depth. This is done by averaging pressure over width for a given depth. Fig. 8 represents the pressure-depth results for compact quartz, dry sandstone and water-saturated sandstone for a time of 10 μs after impact. The oscillations in Fig. 8 are caused by the occurrence of pores. The deeper the shock wave propagates, the lower the amplitude of the oscillations generated at the interface between quartzite and sandstone. The oscillations seem to be centered on a constant pressure value that corresponds to the averaged pressure in shocked sandstone. By varying pore size, the averaged pressure is not affected, as long as the overall porosity is kept constant. Smaller pores, due to the reduced impedance barrier they induce, smooth the oscillations and locally reduce pressure, while their increased number enhances pore reflections and contributes to a constant averaged pressure drop.
To better capture the influence of impact velocity and porosity on averaged pressure, Fig. 9 (left) represents averaged pressure over impact velocity for dry and water-saturated sandstones with different porosities. In these simulations, no strength was employed. The right side of Fig. 9 represents the Hugoniot curve of these different sandstones, i.e. the velocity of the shock wave traveling in sandstone over the induced particle velocity. Very noticeable are the changes of curvature located at particle velocities between 1500 and 2500 m/s which reflect a phase transition in quartz. In addition, an experimental Hugoniot curve derived from planar plate impact tests performed on dry sandstone with a porosity of about 20 % [26] has been plotted (green straight). It is close to the simulation of dry sandstone with 25 % porosity and thus validates the numerical simulations in the lower velocity regime. Fig. 9 . Left: computed shock pressure over impact velocity in different sandstones. Right: computed shock wave velocity over particle velocity (Hugoniot curve) in different sandstones, and experimental results for 20 % porous dry sandstone [26] .
Conclusions
In this paper, we present a mesoscale numerical model for shocked dry and water-saturated sandstone and Hugoniot data computed with that model. Sandstone, due to its granular nature, exhibits many pores; in our study, which is restricted to two dimensional plane strain analyses, they are represented in a simplified manner as regularly distributed dry or water saturated cavities in a quartz matrix. The material model we use for quartz has two components: an EOS based on a thermodynamic potential including a phase transition, and a simple von Mises strength model with perfect plastic flow that can be activated to represent the pore resistance to crushing.
The results show that strength effects influence the pore compaction process. If strength is disregarded, material jetting from one pore end to the other occurs, whereas, if strength is considered, rather uniform pore shrinking is observed. At very high velocities, strength effects are less important and jetting occurs for quartz with as well as for quartz without strength. Water in the pores hampers pore compaction as pore impedance is increased, therefore it also increases the shock velocity. The presented averaged shock velocity versus particle velocity Hugoniot curves for quartz without strength can be used to support macroscale material models for sandstone. They were calculated for different porosities and dry or water-filled pores and exhibit a characteristic inflexion point. In the region around that point some of the additional energy is transferred to phase metamorphism. The inflexion point is more pronounced for lower porosities and higher water content.
Future tasks will address computer-tomography based meso-structures of sandstone with optional water-filling. This will enable a more realistic description of sand particle and pore geometries as well as particle interfaces. As we intend to model failure at particle interfaces and within particles, a numerical method based on the Lagrangian Finite-Element method in combination with so-called initially rigid cohesive elements will be used [27] .
